Heat transfer characteristics of a Loop Heat Pipe (LHP) is difficult to predict due to the complex nature of thermal interaction between the LHP itself and the environment it operates in. The overall thermal conductance varies not only with the power input, sink temperature and ambient temperature as expected, but also with the system initial condition and/or previous history of its operation. Hence, the analytical modeling of LHPs often yielded inaccurate results when compared with the actual data. The U.S. Naval Research Laboratory (NRL) recently completed the development of a transient LHP model. Accordingly, NRL carried out an extensive LHP test program, in part,
INTRODUCTION
Following the successful proof-of-concept demonstration of the Loop Heat Pipe (LHP) technology for the Central Thermal Bus/Deployable Radiator (CTB/DR) concept [1] , the U.S. Naval Research Laboratory (NRL) followed up with a more comprehensive study of LHP performance in severe operating conditions. The test program started in June 2003 and lasted more than two months. It accomplished two main objectives: (i) to demonstrate the LHP functional reliability and robustness in all phases of spacecraft operation and (ii) to provide test data for the verification of a transient LHP model originally developed by NASA Goddard Space Flight Center for use at NRL.
The LHP test article was the same unit that was tested previously at NRL and GSFC [2, 3, 4] . Thus its behavior was well understood. What was done differently in this test program was that the loop underwent rapid changes of power input and sink temperature. In this paper, the LHP test program at NRL and its results will be presented. However the main focus of the paper will be on the verification of the LHP transient thermal/fluid flow model put together by NRL. The NRL transient LHP model was a modified version of the one that was originally developed by NASA/GSFC. Details of the LHP fluid model in terms of operating theory, derivation of governing equations, numerical scheme, and Input/Output requirements can be found in Reference [4] . The verification of the NRL LHP thermal model was carried out by comparing the model predictions with test results from the test program. In addition, the model performance was also assessed in terms of numerical stability and runtime efficiency.
DESCRIPTION OF TEST PROGRAM
A functional schematic of the NRL-LHP is shown in Figure 1 . It consisted of a capillary pump with a heater plate mounted on it, a concentric hydro-accumulator, a condenser, and transport lines. The capillary pump had a stainless steel cylindrical pump body with an outer diamete r o f 1 " a n d l e n g t h o f 1 2 " . I t wa s t h e n b r a z e d i n an a l u mi n u m e x t r u s i o n wi t h a 1 2 " x 3 " f l a n g e f o r h e a t acquisition as pictured in Figure 2 . The brazing material between the pump body and the aluminum extrusion is tin/lead (40/60) solder. An aluminum heater plate with two embedded cartridge heaters was bolted to the pump body to simulate the heat source. In addition, a 20W thermofoil (starter) heater was bonded directly on the pump body to assist the system start-ups (if necessary). The primary wick of the capillary pump was made of sintered powdered nickel with a pore size of 1.2 microns and a permeability of 1.4 x 10 -14 m 2 . The hydroaccumulator was made of a stainless steel shell with an O. D. o f 1 " a n d a l e n g t h o f 7 " . A n a l u mi n u m c o l d p l a t e was attached to the hydro-accumulator so that its temperature could be changed quickly. The cold plate was actively cooled by a 1kW refrigeration chiller. The vapor and liquid lines were both 316L stainless steel tubing whose dimensions were 3.34mm I.D. x 2m L and 1.75mm I.D. x 2.1m L, respectively. The condenser line had an I.D. of 3.86mm and length of 2m and was also made of 316L stainless steel tubing. The condenser line was clamped to an aluminum plate heat exchanger with embedded coolant channels and was cooled by a refrigeration chiller. Type T thermocouples were placed at various locations around the NRL-LHP test unit to monitor its temperatures. A 0-5psid differential pressure transducer was plumbed across the capillary pump to measure the system pressure drop during operation. A 0-1,000psia absolute pressure transducer was used to monitor the loop saturation pressure. The proof-ofconcept test was conducted in ambient air. To minimize parasitic heat gain/loss, the test unit was insulated with Armaflex foam material. A total of 20 tests (steady state, 2A to 2F, 3A to 3F, 4A to 4F, and 6A) were performed with different combinations of start-up power, evaporator power profile, and condenser temperature profile. In these tests, changes of the test conditions were managed autonomously by the computerized data acquisition system (CDACS). The resulting test data were then compared with the thermal model predictions. The test matrix is given in Table 1 .
LHP TRANSIENT MODEL
As presented in Reference [4] , the LHP fluid model was written in FORTRAN 77 as a subroutine that could be used with any FORTRAN-based thermal analyzer (e.g. SINDA). As far as the thermal analyzer was concerned, the LHP nodes were the boundary nodes whose temperatures and heat transfer coefficients were calculated by the LHP subroutine in response to changes in the thermal environment. As the thermal solution marched in time, the LHP subroutine called in each time step updated the boundary node temperatures and thermal conductance for the thermal model. The nodal network of the NRL-LHP model is illustrated in Figure 3 . The SINDA node/ conductance numbers shown in black (e.g. Node 901, G201) represent the LHP fluid nodes and their thermal interfaces with the thermal environment whose nodes and conductance (e.g. Node 202, G202) are shown in gray.
The LHP physical dimensions and properties were defined in a LHP input data file to be read in by the model. The NRL-LHP data file is given in Table 2 .
TEST RESULTS AND MODEL VERIFICATION
Test data comparison with model predictions for all 20 tests was.
In the current LHP theory, the exact liquid/vapor condition inside the capillary pump core prior to start-ups cannot be predicted. In most cases, both liquid and vapor exist in the pump core, but how much vapor in it simply cannot be known. Nevertheless, the vapor void fraction in the pump core at any given time principally governs the LHP energy balance and thereby determines the system operating temperature. Hence, for each test case, two model runs were made: one assumed apriori that the pump core was filled with vapor (worst case) and the other assumed liquid-filled core (best case).
HEAT LEAK CALCULATION
Predicting the heat leak across the primary wick has always been the most difficult part of the LHP modeling. But simply put, accurate calculation of the heat leak is absolutely necessary for accurate LHP temperature predictions. As seen in Figure 4 , for the most part, the temperatures predicted by the model agreed well with the test data (to within 2 o C). In particular, the steady state test conducted on 08-27-03 showed that both saturation and liquid return temperatures of the loop responded to the input power change in the same manner simulated by the model worst-case run (vaporfilled pump core). Under the stressful start-up conditions of this test, test data strongly suggested that the pump core contained mostly vapor for the duration of the test. In other words, the model predicted the heat leak reasonably well when the pump core was filled with vapor.
When the pump core is filled only with liquid, vaporization does not occur in the core to cause a pressure build-up in the reservoir.
As a result, the LHP saturation temperature is governed by the heat exchange between the reservoir and the surrounding [5] . If the reservoir is not thermally insulated (as it was the case in this test program), the LHP temperature just follows the reservoir cooling plate temperature at low power. In actuality, both liquid and vapor do exist in the pump core prior to startups and during normal operation. Hence the LHP saturation temperature should fall between the ones predicted by the vapor-filled and liquid-filled core simulations.
START-UPS
Once again, it is not possible to determine with certainty what liquid/vapor condition is inside the pump core prior to start-ups.
Depending on the pump core initial condition, it may lead to one of four start-up (or even a non-start) possibilities [5] .
Three distinct start-up scenarios (Type 1, 2 and 4) were observed in the NRL test program.
Type 1 start-ups, in which the pump core is initially filled with liquid and the wick outer surface contains vapor, occurred frequently in the test program especially with the start-up power of greater than 25W (e.g. 2A, 2B, 2C, 3A, 3C, 3D and 4A). The best-case runs predicted the LHP temperatures better following the start-up process as shown in Figure 5 .
Type 2 start-ups, in which two-phase conditions exist on both sides of the primary wick, occurred in two tests: steady state (08-27-03) and 4B (10-02-03) as presented in Figures 4 and 6 . As a result, the test data correlated very well with temperatures predicted by the worst-case runs.
Start-ups of the remaining tests did not take place without the help of a starter heater (Type 4). For example, in Test 2E, both saturation and heater plate temperatures went up at the same rate until they reached 40 o C. At that time, the starter heater (20W) was activated and the loop started almost immediately. The model could predict this start-up scenario fairly accurately (Figure 7) only when the pump core condition was given beforehand.
NORMAL OPERATION
Operation of the NRL-LHP was extremely reliable in spite of the fact that the conditions imposed on the loop in terms of power cycling and sink temperature variation were more severe than what were done before. Nothing out of the ordinary was observed in this test program (that was not seen before). The model predictions versus test data comparison for normal operation are presented in Figures 8, 9 and 10.
CONCLUSION
As anticipated, the test program went smoothly without experiencing any type of failure. It only affirmed that the LHP technology was the best choice for the spacecraft central thermal bus and deployable radiator concept. No matter how the operating conditions changed, the loop adjusted to them graciously and eventually reached steady state in less than 30 minutes (for the given test unit thermal mass). Having said that, attention should be paid to the LHP start-ups especially under low power (or high thermal mass). Starter heaters (or thermoelectric cooler attached to the hydro-accumulator) must be use to assure successfully start-ups without exceeding the temperature limits.
